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Abstract
We explore the possibility of measuring the Weinberg angle from (anti)neutrino-
electron scattering using low energy beta-beams, a method that produces single
flavour neutrino beams from the beta-decay of boosted radioactive ions. We study
how the sensitivity of a possible measurement depends on the intensity of the ion
beam and on a combination of different Lorentz boosts of the ions.
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1 Introduction
Soon after electroweak theory was introduced, ’t Hooft pointed out that low
energy neutrino-electron scattering experiments can be used to test the Stan-
dard Model [1]. This purely leptonic process measures sin2 θW (Q
2 ∼ 0). The
first such measurement was reported in Ref. [2], yielding sin2 θW = 0.29±0.05.
Two subsequent low Q2 experiments were performed, namely the atomic par-
ity violation at Q2 ∼ 10−10 GeV2 [3] and the Møller scattering at Q2 = 0.026
GeV2 [4]. These experiments, combined with the measurements of sin2 θW at
the Z0 pole [5], are consistent with the expected running of the weak mixing
angle. However, recent measurement of the neutral- to charged-current ratio
in muon antineutrino-nucleon scattering at the NuTEV experiment disagrees
with these results by about 3σ [6]. A number of ideas were put forward to
explain the so-called NuTEV anomaly, including QCD and nuclear physics
effects, extra U(1) gauge bosons, dimension six-operators [7]; universal sup-
pression of Z-neutrino couplings [8]; higher twist effects arising from nuclear
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shadowing [9]; and sterile neutrino mixing [10]. However, a complete under-
standing of the physics behind the NuTEV anomaly is still lacking. Probing
the Weinberg angle through additional experiments with different systematic
errors would be very useful.
The precision tests of the electroweak theory, in principle, can help determine
possible “oblique corrections” arising from vacuum polarization corrections
with the new particles in the loops and suppressed vertex corrections. Such
corrections can be characterized with two parameters, named S and T [11]. It
was recently stressed that a measurement of the electron antineutrino-electron
elastic scattering count rates at 1 or 2% level would restrict the parameter S
more closely than measurements of atomic parity violation [12].
Motivated in part by the NuTEV result, a strategy was presented in Ref. [13]
for measuring sin2 θW to about one percent at a reactor-based experiment. In
this article we explore an alternative scenario, namely using low energy beta-
beams. These are pure beams of electron neutrinos or antineutrinos produced
through the decay of radioactive ions circulating in a storage ring [14,15].
In our analysis, we investigate the possibility of using a low energy beta-
beams facility [16] to carry out such a test, through scattering on electrons at
Q2 ∼ 10−4 GeV2.
We should point out that several other measurements of the Weinberg angle
using neutrino-electron scattering already exist. These use either conventional
muon neutrino beams (Q2 ∼ 0.01 GeV2) [17,18] or electron neutrinos coming
from muon decay at rest [19]. These experiments typically determine sin2 θW
to an accuracy of five to twenty percent.
In Section 2 we present the calculations and describe the advantages of using
beta-beams. In Section 3, the selection of the events is presented, as well
as the results for the ∆χ2 fits and for the 1σ uncertainty on the Weinberg
angle, including both statistical and systematic errors. The sensitivity of these
results to the intensity of the ions in the storage ring is also discussed. Finally,
conclusions are drawn in Section 4.
2 Calculations
The differential cross section for νe(νe)e
− → νe(νe)e− in units of ~c = 1 is [20]
dσ
dT
=
G2Fme
2pi
[
(gV + gA)
2+ (gV − gA)2
(
1− T
Eν
)2
+ (g2A − g2V )
meT
E2ν
]
, (1)
2
where 1 gV = 1/2 + 2 sin
2 θW , and gA = ±1/2 for νe (νe), me is the elec-
tron mass, GF is the Fermi weak coupling constant, Eν is the impinging
(anti)neutrino energy and T is the electron (positron) recoil energy. By inte-
grating Eq. (1) over the electron recoil energy and averaging over the neutrino
flux one gets the flux-averaged cross section
〈σ〉 = G
2
Fme
2pi
[
4
3
(
g2V + g
2
A + gV gA
)
〈Eν〉 − gV (gV + gA)me〈φ〉
]
, (2)
where we defined
〈Eν〉 =
∫
dEνφ(Eν)Eν , (3)
and
〈φ〉 =
∫
dEνφ(Eν) . (4)
We consider a scenario where the (anti)neutrinos are produced by low energy
beta-beams. The (anti)neutrino flux φ(Eν) is then the one associated to the
decay of boosted radioactive ions. The details of the formalism used, including
the calculation of the flux, can be found in [21]. Since the work in [21] has
shown that a small storage ring is more appropriate, we consider such a ring,
the actual dimensions being determined according to [22]. We assume that a
detector of cylindrical shape, having radius R and depth h, is located at a
distance d from the storage ring. Therefore, the count rate is given by
dN(γ)
dt
= fτnh 〈σ〉 . (5)
Here γ is the Lorentz boost of the ions, τ = t1/2/ ln 2 is the lifetime of the
parent nuclei, n is the number of target particles per unit volume, and f is
the number of injected ions per unit time. Note that the mean number of ions
in the storage ring is γτf . Combining Eqs. (2) and (5), one gets
N(γ)E0(γ) = − gV (gV + gA)me + 4
3
(
g2V + g
2
A + gV gA
) 〈Eν(γ)〉
〈φ(γ)〉 , (6)
where E0(γ) is a quantity with units of energy defined as
E0(γ) =
[
∆tfτnh
(
G2Fme
2pi
)
〈φ(γ)〉
]
−1
, (7)
1 When considering oblique corrections, gV and gA include terms that depend on
the parameters S and T [11].
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Fig. 1. Representation of the linear behavior expressed in Eq. (8) for electron neutri-
nos (dotted line) and electron antineutrinos (broken line). The slope is proportional
to (g2V +g
2
A +gV gA), being different for neutrinos and antineutrinos because of the
relative phase in gA. One measurement of the count number at a particular γ for
either (νe, e
−) or (νe, e
−) scattering is sufficient to determine the Weinberg angle
since the y-intercept is zero.
with ∆t being the duration of the measurement at each γ.
Equation (6) can be rewritten as
N(γ)E0(γ)− g2Ame =
4
3
(
g2V + g
2
A + gV gA
) [〈Eν(γ)〉
〈φ(γ)〉 −
3
4
me
]
. (8)
If one neglects oblique corrections then g2A = 1/2; in that limit, Eq. (8) rep-
resents a linear relationship between the number of counts N(γ) and the
(anti)neutrinos average energy 〈E(γ)〉. This relationship is depicted in Fig. 1.
The phase difference in gA is responsible for the difference in the slopes. Be-
cause beta-beam facilities produce pure beams of neutrinos or antineutrinos,
one can probe each slope independently and extract information on the Wein-
berg angle. In these experiments, the precision in the measurement of the
Weinberg angle is determined by the precision to which the slope in Fig. 1
is known. This illustrates the advantage of using beta-beams. First, since the
neutrino flux and average energy is well known, the number of counts N(γ) is
in principle sufficient to extract information on the Weinberg angle. Second,
by changing γ one can measure the variation of the cross section with energy,
without measuring the electron recoil energies. Running the experiment at
different γ’s provide a better precision in the determination of the slope in
Eq. (8), i.e., a better precision in the measurement of the Weinberg angle.
4
〈E(γ)〉 (MeV) Ntot σtot NO σO Np σp Ne σe σe/Ne
22.7 115.1 10.7 6.6 2.6 44.4 6.7 64.1 12.9 20.1
25.6 168.0 13.0 15.4 3.9 66.0 8.1 86.6 15.8 18.2
28.5 236.0 15.4 31.3 5.6 92.4 9.6 112.3 19.0 16.9
31.3 321.0 17.9 56.4 7.5 123.5 11.1 141.1 22.4 15.9
34.2 429.1 20.7 97.1 9.9 159.0 12.6 173.0 26.2 15.1
37.0 557.1 23.6 150.7 12.3 198.6 14.1 207.8 30.1 14.5
Table 1
Expected number of counts for antineutrino (from the decay of boosted 6He) capture
on oxygen, on protons and scattering on electrons and associated statistical errors;
for the latter, the relative error (in %) is also shown. The average energy of the
antineutrinos corresponding to γ = 7 up to γ = 12 is given in the first column,
as well as the total expected number of events and the associated statistical error
(column two and three). The duration of the measurement is one year (3 × 107 s)
and the intensity of 6He at the storage ring is 2.7× 1012 ions/s.
3 Results and Discussion
In our calculations we assume a water Cˇerenkov detector located at 10 m from
the storage ring which has 1885 m total length and 678 m straight sections [22].
(Note that the present size is intermediate to the ones previously considered
[21]; the rates given in [21] can be scaled with the analytical formulas given in
the same work). Both electron neutrino and electron antineutrino beams can
be produced if 18Ne or 6He are used as emitters.
The expected intensities at production are 8 × 1011 ions/s for Neon and
2×1013 ions/s for Helium, while in the large storage ring envisaged in the origi-
nal scenario 2×1013 18Ne/s and 4×1013 6He/s are expected for γ = 100 [14,15].
Preliminary calculations show that the intensities in a small storage ring de-
voted to ions running at γ = 7 − 14 are f18Ne = 0.5 × 1011 ions/s and
f6He = 2.7 × 1012 ions/s. However, since the feasibility study of the small
storage ring is ongoing, the design we utilize in this work should be considered
as preliminary
The antineutrinos impinging on the water detector will interact mainly with
the protons, with the oxygen nuclei and with the electrons. In the case of
neutrinos, only the latter two are present. Since the (anti)neutrino-electron
scattering is forward peaked, we apply an angular cut of cos θ > 0.9. In the
forward direction the ν¯−16O and ν¯−p events are a small fraction of the total.
Table 1 illustrates the expected number of events on electrons, protons and
oxygen. We assume that the ν¯−p events can be identified by doping the water
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Fig. 2. Antineutrino flux from the decay of boosted 6He ions for γ = 7 (dotted line),
γ = 10 (broken line) and γ = 12 (dash-dotted line).
Cˇerenkov detector with Gadolinium [23].
To assess the precision of a possible experiment with beta-beams, we identified
the most critical variables. If we assume a fixed geometry, Eq. (5) tells us that
the count rate depends on the boosted ion intensity, f , and on the duration of
the measurement, ∆t. On the other hand, the quantity on the left-hand side
of Eq. (8) is independent of both f and ∆t, since N(γ) is proportional to these
quantities, while E0(γ) is inversely proportional to them. This implies that in
the diagram of Fig. 1, each experimental data point will be independent of the
intensity of the ions and of the duration of the measurement. The dependence
on these quantities, however, contribute to the size of the statistical error,
which together with the systematic error determine the precision at which the
Weinberg angle can be measured at a low energy beta-beam facility.
The boosted ions that produce neutrinos (18Ne) have an intensity fifty times
smaller than the ones that produce antineutrinos (6He) [22]. Even though the
scattering cross section is a few times larger for neutrinos than for antineutri-
nos, it is not sufficient to overcome the big difference in intensities, meaning
that for the same duration, an experiment using 6He will produce considerably
better results.
One advantage of beta-beams experiments versus conventional sources or re-
actors experiments is the ability to produce neutrinos with energies in the 100
MeV range and different average energies. This means that these experiments
are able to span the x-axis of Fig. 1 between 20 and 40 MeV, corresponding
to γ between 7 and 12 (Fig. 2). Running the experiment at a larger num-
ber of different γ’s corresponds to knowing the slope to a better precision,
hence measuring the Weinberg angle with better precision. This is depicted in
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Fig. 3. ∆χ2 with γ = 12 (dotted line), with γ = 7, 12 (broken line), and with
γ = 7, 8, 9, 10, 11, 12 (dash-dotted line). The results were obtained considering a one
year (3 × 107 s) measurement duration at each γ, and for a 6He intensity at the
storage ring of 2.7× 1012 ions/s [22]. The count number error was considered to be
purely statistical. The 1σ (∆χ2 = 1) relative uncertainty in the Weinberg angle is
15.2% for γ = 12, 12.3% for γ = 7, 12, and 7.1% for γ = 7, 8, 9, 10, 11, 12.
Fig. 4, where the 1σ error (∆χ2 = 1) gets smaller as more runs with different
γ values are added. For the case of γ = 12, the expected 1σ relative uncer-
tainty in the Weinberg angle is 15.2%, while for γ = 7, 12 is 12.3% and for
γ = 7, 8, 9, 10, 11, 12 is 7.1%. These results were obtained assuming a one year
(3×107 s) measurement duration at each γ, a 6He intensity at the storage ring
of 2.7× 1012 ions/s [22], and that the total count error was purely statistical.
The dependence of the uncertainty of the Weinberg angle on the duration of
the measurement at each γ and on the 6He intensity at the storage ring is de-
picted in Fig. 4; it behaves like 1/
√
f for a fixed duration of the measurement,
and like 1/
√
∆t for a fixed intensity of the ions. It is clear that there is much
to gain if one increases the intensity of the ions (duration of measurement)
by a factor of three compared to the values above, keeping the measurement
duration (intensity of the ions) constant. In that case, the 1σ uncertainty in
the Weinberg angle drops to 8.8% for γ = 12, 7.1% for γ = 7, 12 and 4.1% for
γ = 7, 8, 9, 10, 11, 12.
So far we have considered that the error in the number of counts is purely
statistical. Even though one cannot yet know precisely what level of systematic
error a beta-beam experiment would produce, it is possible to study its effects
on the uncertainty of the Weinberg angle. In Fig. 5, one can see a considerable
dependence of the results on the systematic error, both in the case where the
intensity of the ions is the one expected from preliminary studies [22] and
when it is three times that value. From this, it is clear that the experiment
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Fig. 4. One sigma uncertainty in the Weinberg angle as a function of the 6He inten-
sity at the storage ring (lower x-axis) for a one year (3×107 s) measurement duration
at each γ, and as a function of the measurement duration at each γ (upper x-axis)
for a 6He intensity at the storage ring of 2.7×1012 ions/s [22]. Shown are the results
for γ = 12 (dotted line), for γ = 7, 12 (broken line), and for γ = 7, 8, 9, 10, 11, 12
(dash-dotted line). Here, the error on the number of counts is purely statistical.
should aim to minimize the level of systematic errors.
4 Conclusions
In this work we have studied the possibility to measure the Weinberg angle
at low momentum transfer from (anti)neutrino electron scattering. The sin-
gle flavour neutrino fluxes produced at low energy beta-beams are very well
known. Recent work has pointed to the advantage of using a small storage
ring for this kind of applications. A feasibility study for such facility is now
ongoing. In our analysis, we use the predicted ion intensities from a prelim-
inary study and study how the precision of a possible measurement depends
on those intensities as on a combination of different Lorentz boosts for the
ions.
We conclude that a measurement of the Weinberg angle at Q2 ∼ 10−4 GeV2
is possible using low energy beta-beams. The level of uncertainty in such a
measurement depends strongly on the intensity of the ions at the storage ring,
as well as on the duration of the measurement at each γ and on the level of
systematic errors. If the intensity of 6He is a factor of three larger than what
the preliminary studies predict, a two years measurement at two different γ’s
would allow to measure the Weinberg angle to a 7% level, assuming minimal
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Fig. 5. One sigma uncertainty in the Weinberg angle as a function of the system-
atic error at each γ for γ = 12 (dotted line), for γ = 7, 12 (broken line), and for
γ = 7, 8, 9, 10, 11, 12 (dash-dotted line). The 6He intensity at the storage ring is
2.7× 1012 ions/s [22] on the left panel, and 8.1× 1012 ions/s on the right panel. In
both cases, the measurement duration at each γ is one year (3× 107 s).
systematic error. If the systematic error is kept below 10%, a measurement of
the Weinberg angle with a precision of 10% is within reach at a low energy
beta-beam facility.
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